Introduction
============

Reconstruction of large craniofacial and appendicular skeletal defects in humans requires the harvesting of living autogenous bone from a distant donor site, most often the iliac crest \[[@b1]\]. The harvesting of fresh living bone is associated with harvest-related morbidity \[[@b1]\]. A further limitation is the finite volume of bone available from any one donor site \[[@b1]\]. Adapting the donor bone to fit the shape of the recipient defect is the final challenge to autogenous bone grafting in clinical contexts \[[@b1]\].

The seminal experiments of Levander, Huggins, Urist, Sampath and Reddi \[[@b4] for review\] have indicated that the extracellular matrix of mineralized tissues is the repository of differentiating morphogens (firstly defined by Turing as '*form generating substances*'\[[@b5]\]), tightly bound to the mineralized matrix \[[@b4]\]. The induction of bone formation, that is, the *de novo* endochondral bone formation in heterotopic extraskeletal sites of animal models, can be initiated by partially extracted and intact demineralized extra-cellular matrices of bone and dentine \[[@b6]\].

A critical contribution to the mechanistic understanding of the phenomenon of bone: formation by autoinduction \[[@b10]\], has been achieved by the dissociative extraction and reconstitution of the bone matrix components \[[@b14]\]. Purification to homogeneity of the chromatographed and geleluted proteins \[[@b15]\] was followed by expression cloning of the recombinant human bone morphogenetic/osteogenic proteins (BMPs/OPs) \[[@b16]\]. These experiments have lead to the initiation of clinical trials which have culminated in the use of recombinant human osteogenic protein-1 (hOP-1) and human bone morphogenetic protein-2 (hBMP-2) in clinical contexts \[[@b19]\].

Until 1993, the characteristic and discriminatory osteogenic function of the osteogenic proteins of the TGF-β superfamily was conferred only to the BMPs/OPs \[[@b21]\]. It was then shown that recombinant *Drosophila melanogaster* decapentaplegic and 60A proteins induce endochondral bone formation in mammals \[[@b22]\]. This has indicated that a phylogenetically ancient signalling process deployed in dorso-ventral patterning in the fruit fly *D. melanogaster* also operates to produce the unique vertebrate trait of the induction of bone and skeletogenesis and thus the emergence of the vertebrates \[[@b21]\]. The apparent redundancy of molecular signals initiating endochondral bone induction in heterotopic extraskeletal sites is further emphasized by the capacity of the signalling proteins of the TGF-β subfamily to initiate the osteogenic cascade in primates \[[@b21]\]. In the rodent bioassay, the mammalian TGF-β isoforms do not initiate endochondral bone formation \[[@b24]\]. Strikingly, however, the TGF-β~1~ and TGF-β~2~ isoforms are powerful inducers of endochondral bone when implanted in the *rectus abdominis* muscle of the non-human primate Papio ursinus at doses of 5, 25 and 125 μg per 100 mg of insoluble collagenous matrix as carrier \[[@b21]\].

The mature, bioactive form of the third mammalian TGF-β isoform, that is, the TGF-β~3~ protein, shares 80% amino acid sequence identity with TGF-β~1~ and TGF-β~2~, respectively \[[@b30]\]. Using the *rectus abdo-minis* muscle and the calvarium of *Papio ursinus* as a model for tissue induction and morphogenesis, we now show the previously unreported and novel endochon-dral osteoinductivity of the TGF-β~3~ protein. We also show that the newly formed tissue constructs in both heterotopic and orthotopic calvarial sites are modulated by invocation of a regenerative response tightly regulated by the TGF-β inducible intracellular antagonists of the TGF-β signalling cascade, the inhibitory Smad-6 and -7 proteins \[[@b33]\]. We show that partial restoration of the bone induction cascade in cal-varial defects by the hTGF-β~3~ protein is obtained by mixing the hTGF-β~3~ device with minced fragments of autogenous *rectus abdominis* muscle thus adding responding stem cells for further bone induction by the hTGF-β~3~ protein.

We further show that theTGF-β~3~ isoform at the doses tested and delivered by the insoluble collage-nous bone matrix (ICBM) as carrier is the most powerful osteogenic protein of the TGF-β superfamily so far tested in the *rectus abdominis* muscle of *Papio ursinus*. The induction of large mineralized and corti-calized ossicles by hTGF-β~3~ in *Papio ursinus* holds great promise for the use of hTGF-β~3~ singly or in synergistic combination with hBMPs/OPs for novel molecular therapeutics for regenerative medicine and osteogenesis in clinical contexts.

Materials and methods
=====================

Preparation and doses of the hTGF-β~3~ osteogenic devices
---------------------------------------------------------

Mature recombinant hTGF-β~3~, a glycosylated 25-kDa homodimer with a C-terminal domain of 112 amino acids with nine cysteine residues \[[@b30]\], was obtained from Novartis Pharma AG, Basel, Switzerland. Stock solutions of the morphogen were prepared by aliquoting the required amounts in a liquid vehicle (35% ethanol, 0.1% HCl).

Demineralized bone matrix, prepared from diaphyseal segments of baboon cortical bone, was dissociatively extracted in 4 M guanidinium-HCl containing protease inhibitors \[[@b14]\]. The resulting ICBM, inactive after extraction of osteogenic proteins \[[@b14]\], was washed three times with distilled water, dehydrated in ethanol and ether and used as carrier for the hTGF-β~3~ isoform. Collagenous bone matrix is an optimal substratum for cell attachment, proliferation and differentiation \[[@b14]\] resulting in significant osteoinduction in primate models using both TGF-βs and BMPs/OPs \[[@b25]\].

For the preparation of samples suitable for heterotopic implantation in the *rectus abdominis* muscle of the baboon, implants were prepared in sterile 10 ml polypropylene tubes by adding 5, 25 and 125 μg of hTGF-β~3~ in 100 μl of liquid vehicle to 100 mg of insoluble collagenous matrix \[[@b25]\].

Implants for orthotopic calvaria implantation were prepared in sterile 50 ml Falcon tubes with 1 g of lyophilized collagenous matrix combined with 5, 25, 125 and 250 μg of hTGF- β~3~ in 500 μl of liquid vehicle as described \[[@b38]\].

Primate models for tissue induction
-----------------------------------

Twenty-three clinically healthy adult Chacma baboons *Papio ursinus*, with a mean weight of 19.1±5.5 kg, were selected from the primate colony of the University of the Witwatersrand, Johannesburg. Comparative histomorpho-metric studies between iliac crest biopsy specimens of human and *Papio ursinus* show a remarkable degree of similarity \[[@b41]\]. This makes adult *Papio ursinus* species ideally suited for the study of comparative bone physiology and repair with relevance to man \[[@b41]\]. Criteria for selection, housing conditions and diets were as described \[[@b42]\]. Research protocols were approved by the Animal Ethics Screening Committee of the university, and conducted according to the *Guidelines for the Care and Use of Experimental Animals* prepared by the university, and in compliance with the *National Code for Animal Use in Research, Education and Diagnosis in South Africa*\[[@b43]\].

The heterotopic *rectus abdominis* and orthotopic calvarial models of tissue induction and morphogenesis by recombinant proteins in the adult baboon *Papio ursinus* have been described in detail \[[@b21]\]. Lyophilized pellets of 100 mg of collagenous matrix combined with relevant doses of the hTGF-β~3~ isoform were implanted bilaterally in duplicate or quadruplicate in 12--16 ventral intramuscular pouches created by sharp and blunt dissection in the *rectus abdominis* muscle of each animal \[[@b25]\]. Pellets of collagenous matrix with liquid vehicle but without hTGF-β~3~ were implanted as a control. After heterotopic implantation, the calvariae were exposed and, on each side of the calvaria two full-thickness defects 25 mm in diameter, each separated by 2.5--3 cm of intervening calvarial bone, were created with a craniotome under saline irrigation \[[@b38]\]. Latin square block designs were used to allocate the position of the TGF-β~3~ osteogenic devices in 72 calvarial defects in 23 adult baboons \[[@b38]\]. Number of heterotopic and ortho-topic implanted specimens per treatment modality and time periods are presented in [Table 1](#tbl1){ref-type="table"}.

###### 

Overview of number of recombinant human of transforming growth factor-β~3~ (hTGF-B3) specimens implanted hetero-topically (A) and orthotopically (B) in a cohort of 23 adult Chacma baboons *Papio ursinus* and harvested at different time points

  **A** Heterotopic implants                                                                                                                 
  --------------------------------------- ---------- ----------- ------------ ------------ --------- --------- --------- --------- --------- ---------
  Time periods                            30 days    90 days     30 days      90 days      30 days   90 days   20 days   30 days   90 days   
  \# Animals                              7          3           9            6            10        7         4         10        8         
  Delivery system                         ICBM       ICBM        ICBM         ICBM         ICBM      ICBM      ICBM      ICBM      ICBM      
  \# Implants                             5          3           12           10           11        8         7         9         7         
  Total no/dose                           8          24          25           23                                                             
  (**B**) Orthotopic calvarial implants                                                                                                      
  **hTGF-β~3~**                           **0 μg**   **25 μg**   **125 μg**   **250 μg**                                                     
  Time periods                            30 days    90 days     30 days      90 days      20 days   30 days   90 days   20 days   30 days   90 days
  Animals                                 8          8           4            8            2         10        10        2         5         4
  Delivery system                         ICBM       ICBM        ICBM         ICBM         ICBM      ICBM      ICBM      ICBM      ICBM      ICBM
  Implants                                7          7           9            9            4         9         9         6         3         2
                                          9+ramcs    9+ramcs     2+ramcs      2+ramcs                4+ramcs   4+ramcs             3+ramcs   2+ramcs
  Total no/dose                           32         22          30           16                                                             

ICBM, insoluble collagenous bone matrix; ramcs, *rectus abdominis* cells

Reconstitution of the hTGF-β~3~ osteogenic device with fragments of minced *rectus abdominis* muscle
----------------------------------------------------------------------------------------------------

Orthotopic tissue sections prepared from calvarial specimens harvested on day 90 occasionally showed mineralized bone across the defect confined to the pericranial aspect ([Fig. 4A](#fig04){ref-type="fig"}). The presence of inhibitory binding proteins and/or the expression of inhibitory Smads has been suggested by the morphological analysis of calvarial specimens treated with varying doses of the TGF-β~3~ combined with ICBM as carrier, that is, the TGF-β~3~ osteogenic device. Morphological analysis showed that bone formed essentially at the pericranial surface of the implant below the *temporalis* muscle on day 90. Moreover, the bone that had formed at both interfacial regions seemed to be, at least morphologically, inhibited to proceed centripetally with the generation of a substantial fibrogenic response between the inactive particles of the collagenous matrix subjacent to the newly formed bone pericranially (see [Fig. 4B and D](#fig04){ref-type="fig"}). It was thus mandatory to study the expression of the inhibitory Smad-6 and -7 proteins in orthotopic calvarial defects to mechanistically unravel the segregated osteogenic induction by the hTGF-β~3~ isoform in calvarial defects.

![Morphology of calvarial regeneration and induction of bone formation in calvarial defects implanted with doses of the transforming growth factor-β~3~ (hTGF-β~3~) osteogenic device without (**A**) and with minced fragments of autogenous rectus abdominis muscle (**E**, **F** and **G**) harvested 90 days post-implantation. (**A**) Induction of bone in a calvarial defect implanted with 125 μg of the hTGF-β~3~ osteogenic device showing bone formation predominantly on the pericranial aspect of the specimen with lack of bone formation at the endocranial dural aspect of the specimen (arrows). Arrows in **B**, **C** and **D** point to the inhibition of bone formation within the fibrogenic collagenous matrix facing the newly formed bone pericranially.(**E**, **F** and **G**). Addition to the hTGF-β~3~ osteogenic device of autogenous minced fragments of *rectus abdominis* muscle induces partial restoration of the biological activity of 125 μg of the hTGF-β~3~ osteogenic device with large islands of newly formed bone in specimens harvested on day 90 after implantation. Undecalcified sections cut at 5 μm stained free-floating with Goldner\'s trichrome. (**A**, **E**, **F** and **G**) original magnification ×1.8; (**B**, **C** and **D**) original magnification ×7.](jcmm0012-1029-f4){#fig04}

At the same time, and importantly for regenerative medicine, the presence of newly induced mineralized bone albeit much thinner than the normal calvaria on day 90, pointed to the potential role of the pericranium and *temporalis* muscle as sources of responding stem cells inducible by the hTGF-β~3~ protein thus responsible for the partial and/or complete restoration of the bone induction cascade in the treated cal-varial defects. In an additional set of experiments, it was therefore decided to harvest fragments of autogenous *rectus abdominis* muscle which were minced into multiple fragments with both fine scissors and scalpels on pre-cooled sterile surfaces, then added to and mixed with the hTGF-β~3~ osteogenic device just before implantation in calvarial defects ([Table 1](#tbl1){ref-type="table"}).

Tissue harvest, histology and histomorphometry
----------------------------------------------

Anaesthetized animals were killed with an intravenous overdose of sodium pentobarbitone on day 12, 20, 30 and 90, two, three or four animals per time period ([Table 1](#tbl1){ref-type="table"}). After harvesting of heterotopic and orthotopic tissues for reverse transcription-polymerase chain reaction (RT-PCR), Northern and Western blot analyses, anaesthetized animals were subjected to bilateral buffered saline carotid perfusion and harvest of specimens with surrounding calvaria as described \[[@b38]\]. Specimen blocks were cut along the sagittal one-third of the implanted defects, fixed and dehydrated in ascending grades of ethanol, and embedded, undecalcified in a methyl-methacrylate plastic embedding system (K-Plast; Dia Tec Diagnostic Systems, Germany). Heterotopic specimens were fixed, processed and embedded as described above.

Serial sections, cut at 6 μm (Leica SM2500 Polycut-S; Reichert, Heidelberg, Germany), were stained, free-floating with modified Goldner\'s trichrome. Sections were examined with a Provis AX70 research microscope (Olympus Optical Co., Japan) equipped with a calibrated Zeiss Integration Platte II (Oberkochem, Germany) with 100 lattice points for determination by the point-counting technique of mineralized bone, osteoid and residual collagenous matrix volumes (in %) \[[@b45]\].

Calvarial sections were analysed at 40x, superimposing the Zeiss graticule over five sources \[[@b46]\] selected for histomorphometry and defined as follows: anterior and posterior interfacial regions (AIF and PIF), anterior and posterior internal regions (AIN and PIN) and a central region (CEN) \[[@b38]\]. This technique allows for the histomorphome-tric evaluation of the distribution of bone regeneration across the defects \[[@b39]\]. Each source represented a field of 7.84 mm^2^. Undecalcified sections generated from heterotopic specimens were evaluated by the point-counting technique for mineralized bone, osteoid and residual collagenous matrix volumes (in %) \[[@b46]\] superimposing the Zeiss graticule over corticalized outer levels, and traversing to internal regions of the ossicles \[[@b26]\].

Semi-quantitative reverse transcription-PCR analyses of TGF-β ligands, receptors and antagonists
------------------------------------------------------------------------------------------------

Total RNA was isolated from tissues harvested from both heterotopic and orthotopic sites after 30 and 90 days implantation using a TriPure™ isolation kit according to the manufacturer\'s protocol (Roche Molecular Biochemicals, Germany). RNA concentration was determined spec-trophotometrically at 260 nm. The quality and integrity was confirmed by the A~260~/A~280~ absorbance ratio and the ribosomal RNA bands visualized on agarose gels \[[@b26]\]. Equivalent amounts of RNA (0.5 μg) were initially reverse-transcribed for first strand cDNA synthesis using gene specific forward and reverse primers (synthesized by Integrated DNA Technologies, Coralville, IA, USA) in a total reaction volume of 25 μl containing dNTPs (0.2 mM), MgCl~2~ (1.5 mM), *Taq* DNA polymerase (0.625 U) in buffer (pH 8.5; PCR Master Mix, Promega, Madison, WI, USA). The gene-specific oligonucleotide sequences used primer concentration, the generated PCR product size and the cycling conditions are shown in [Table 2](#tbl2){ref-type="table"}\[[@b47]\]. A variable number of cycles were permutated to ensure amplification was in the linear phase to avoid any between-experiment variation in PCR efficiency. Positive and negative controls were included to confirm the PCR product size and that no genomic DNA was present in the RT samples. PCR products were resolved on 2% agarose gels prepared with 1x tris acetate EDTA (TAE), containing ethidium bromide (0.5 μg/ml) and visualized using UV transillumination. Product sizes were confirmed using a 1500--100 bp DNA molecular marker (Promega, Madison, WI, USA). Semi-quantitation of each PCR product was performed by densitometric scanning (Gene Tools, Syngene) normalizing values to those of glyceraldehyde 3-phosphate dehydroge-nase (GADP) \[[@b26]\].

###### 

Primer sequences and cycles used for the RT-PCR

  **Gene**                        **Sequence (5′→ 3′)**         **Cycling conditions**                                                                                                          **Amplicon**   **Ref.:**
  ------------------------------- ----------------------------- ------------------------------------------------------------------------------------------------------------------------------- -------------- -----------
  TGF-β~1~                        F:GCTGCGCTTGCAGAGATTAAA       40 cycles; 94°C 30 sec, 58°C 30 sec and 72°C 45 sec.                                                                            552 bp         ([@b47])
  R: TTGCTGTACTGTGTGTCCAG                                                                                                                                                                                      
  BMP-3                           F: CGCCAGGAGATACCTCAAGGTAGA   35 cycles; One cycle of 93°C 5 min then 64°C 45 sec, 72°C 45 sec and 93°C 45 sec.                                               330 bp         ([@b48])
  R: TCAAATGAGTTCTTTGCCAGGTTATC                                                                                                                                                                                
  OP-1                            F: TTTTCCTTTCGCACAGACACC      37 cycles; 94°C 30 sec, 58°C 30 sec and 72°C 45 sec.                                                                            313 bp         ([@b49])
  R: TTCCCCTCCCTATCCCCAACTTT                                                                                                                                                                                   
  TβR I                           F: TCGTCTGCATCTCACTCAT        35 cycles; 94°C 30 sec, 55°C 30 sec and 72°C 45 sec.                                                                            342 bp         ([@b50])
  R: GATAAATCTCTGCCTCACG                                                                                                                                                                                       
  TβR II                          F: GCACGTTCAGAAGTCGGTTA       35 cycles; 94°C 30 sec, 58°C 30 sec and 72°C 45 sec.                                                                            493 bp         ([@b50])
  R: GCGGTAGCAGTAGAAGATGA                                                                                                                                                                                      
  TβR III                         F: AATCTGGGCCATGATGCAG        40 cycles; 94°C 30 sec, 55°C 30 sec and 72°C 45 sec.                                                                            286 bp         ([@b50])
  R: ACTGCTGTTTTCCGAGGCT                                                                                                                                                                                       
  Smad-6                          F: TGAATTCTCAGACGCCAGCA       34 cycles; 94°C 30 sec, 55°C 30 sec and 72°C 45 sec.                                                                            386 bp         ([@b50])
  R: GCTCGAAGTCGAACACCTT                                                                                                                                                                                       
  Smad-7                          F: GCCCTCTCTGGATATCTTCT       29 cycles; 94°C 30 sec, 58°C 30 sec and 72°C 45 sec.                                                                            320 bp         ([@b47])
  R: GCTGCATAAACTCGTGGTCA                                                                                                                                                                                      
  GAPDH                           F: CCCTTCATTGACCTCAACTACATG   27 cycles; One cycle of 90°C 5 min and one cycle of 60°C 5 min followed by 72°C 1 min, 90°C 1 min, 60°C 1 min and 72°C 10 min   587 bp         ([@b51])
  R: GACTTGCCCTTCGAGTGACCGTAC                                                                                                                                                                                  

Western blot analyses of Smad-6 and Smad-7
------------------------------------------

Bone and/or soft tissue samples were homogenized (6000 rpm UltraTurax) and resuspended in protein extraction buffer (8.76 g/l NaCl, 0.252 g/l NaHCO~3~). Following cen-trifugation steps, protein concentrations were determined in relation to bovine serum albumin (BSA) standards \[[@b26]\]. Samples corresponding to equal protein concentrations were resolved by SDS gel electrophoresis and Western blotting performed. After blocking the membrane overnight at 4°C with 5% BSA, the nitrocellulose membrane was incubated with polyclonal antibody directed against goat Smad-6 or Smad-7 (Santa Cruz Biotechnology, CA, USA). The membrane was subsequently washed with tris-buffered saline tween-20 (TBST) and incubated with horseradish peroxidase conjugated donkey anti-goat antibody (Santa Cruz Biotechnology, CA, USA. The secondary antibody was detected by chemiluminescence (Pierce, Rockford, IL, USA). Immunoreactive polypeptide bands visualized on X-ray film (Protea Medical Services, Sandton, South Africa) were quantified as relative intensities by image analysis using Gene Tools (UVP, San Gabriel, CA, USA). Molecular weights of the proteins were verified in relation to a biotinylated protein ladder (Cell Signalling Technology, Beverly, MA). Statistical analysis was done using Costat software (CoHort Software, Berkely, CA, USA).

Statistical analyses
--------------------

Histomorphometric data of heterotopic and orthotopic tissue sections were analysed using Graph Pad Prism software with one way analysis of variance procedure using Bonferroni\'s multiple comparison test and are presented in [Tables 3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"}.

###### 

Effect of hTGF-β~3~ doses on key parameters of heterotopic of bone induction on day 30. Histomorphometric results of induced mineralized bone (md bone), osteoid, matrix and fibrovascular tissue (fva) volumes (in %)

  hTGF-β~3~   Bone       md bone    Osteoid    Matrix     fva
  ----------- ---------- ---------- ---------- ---------- -----------
  μg          (%)        (%)        (%)        (%)        (%)
  5           28.8±6.0   21.5±4.2   7.3±2.7    22.7±9.1   49.6±7.0
  25          27.2±1.7   19.6±2.0   7.7±1.9    1.0±2.0    70.1±4.7
  125         33.4±5.5   21.0±4.6   12.5±3.1   1.7±4.0    64.0±10.7

Doses of recombinant hTGF-β~3~ in 100 μl of liquid vehicle were added to 100 mg of allogeneic insoluble collagenous bone matrix as carrier. Lyophilized pellets were implanted in the *rectus abdominis* muscle of the baboon. Specimens were harvested on day 30 after implantation and processed for undecalcified histology. Serial undecalcified sections, cut at 7 μm, were analysed by histomorphometry. Volume fractions of tissue components (in %) were calculated superimposing the Zeiss Integration Platte II with 100 lattice points over corticalized outer levels and transversing into internal regions of the induced ossicles. Bone refers to mineralized bone (md bone) plus osteoid. Matrix refers to the residual collagenous carrier used for local delivery of hTGF-β~3~. Values are mean ±standard deviation.

###### 

Effect of fragmented *rectus abdominis* muscle added to hTGF-β~3~ doses on key parameters of orthotopic bone induction in calvarial defects on day 30 and 90. Histomorphometric results of induced mineralized bone (md bone), osteoid, matrix and fibrovascular tissue (fva) volumes (in %)

  **Day 30 hTGF-β~3~*without muscle cells***   **Bone**    **md bone**   **Osteoid**   **Matrix**   **fva**
  -------------------------------------------- ----------- ------------- ------------- ------------ -----------
  μg                                           (%)         (%)           (%)           (%)          (%)
  25                                           0.5±1.2     0.26±0.65     0.23±0.57     50.3±16.2    39.5±11.0
  125                                          1.2±2.94    0.76±1.87     0.43±1.06     48.2±17.0    40.7±10.8
  250                                          2.5±3.5     1.2±1.7       1.3±1.8       52.25±6.0    40.2 ±2.5
  **hTGF-β~3~*with muscle cells***             **Bone**    **md bone**   **Osteoid**   **Matrix**   **fva**
  μg                                           (%)         (%)           (%)           (%)          (%)
  25                                           7.8±1.6     5.3±0.77      2.5±077       32.7±7.1     54.2±7.7
  125                                          10.85±4.4   7.45±3.89     7.4±3.89      28.2±3.18    60.9±1.27
  250                                          10.4±1.1    6.6±0.7       3.8±0.36      11.5±1.38    78.0±2.12
  **Day 90 hTGF-β~3~*without muscle cells***   **Bone**    **md bone**   **Osteoid**   **Matrix**   **fva**
  μg                                           (%)         (%)           (%)           (%)          (%)
  25                                           12.8±9.5    10.3±7.4      4.9±3.6       40.86±10.5   40.5±5.0
  125                                          29.1±1.8    23.1±2.96     6.0±1.13      26.7±0.42    44.2±2.26
  250                                          20.7±5.7    17.0±4.7      3.7±2.8       29.7±6.7     49.6±7.7
  **hTGF-β~3~*with muscle cells***             **Bone**    **md bone**   **Osteoid**   **Matrix**   **fva**
  μg                                           (%)         (%)           (%)           (%)          (%)
  25                                           24.6±1.04   195±1.01      5.13±0.46     31.0±4.9     44.3±3.9
  125                                          29.6±6.75   23.3±6.06     6.25±1.59     15.1±1.0     55.4±6.4
  250                                          19.7±6.55   15.9±6.04     3.84±0.56     21.5±8.62    58.8±5.67

Doses of recombinant hTGF-β~3~ in 100 μl of liquid vehicle were added to 1 g of allogeneic insoluble collagenous bone matrix as carrier. At time of surgery after implantation of doses of hTGF-β~3~ in the *rectus abdominis* muscle, fragments of the muscle were also harvested, fragmented, minced and added to doses of the TGF- β~3~ proteins. After mixing with sterile spatulas, treated collagenous matrices were implanted in calvarial defects of the baboon. Specimens were harvested on day 20, 30 and 90 after implantation and processed for undecalcified histology. Serial undecalcified sections, cut at 7 μm, were analysed by histomorphometry. Volume fractions of tissue components (in %) were calculated superimposing a Zeiss Integration Platte II with 100 lattice points over five sources in each of the four sagittal sections used for analysis as described in Methods. Bone refers to mineralized bone (md bone) plus osteoid. Matrix refers to the residual collagenous carrier used for local delivery of hTGF-β~3~. Values are mean±standard deviation.

Results
=======

Induction of bone formation by the hTGF-^β^3 osteogenic device in the *rectus abdominis* muscle of *Papio ursinus*
------------------------------------------------------------------------------------------------------------------

Implantation of 5 and 25 μg of the hTGF-β~3~ protein in the *rectus abdominis* muscle resulted in the induction of large corticalized heterotopic ossicles by day 20 and 30 after implantation ([Fig. 1](#fig01){ref-type="fig"}). Doses of 125 μg hTGF-β~3~ induced large corticalized ossicles embedded within the *rectus abdominis* muscle ([Fig. 2](#fig02){ref-type="fig"}). The large ossicles showed a planar convex geometry extending for several centimetres preferentially along the longitudinal plane of the fascia ([Figs. 1A, 2A, C, E](#fig01){ref-type="fig"}). Cut surfaces showed mineralization of the external cortex and were macroscopically brownish-red in colour indicating the induction of bone marrow with endosteal vascularization.

![Heterotopic induction of bone formation by doses of the recombinant human transforming growth factor-β~3~ (hTGF-β~3~) osteogenic device in the *rectus abdominis* of adult baboons *Papio ursinus*.(**A**) Induction of a large ossicle after intramuscular implantation of 25 μg hTGF-β~3~ delivered by the insoluble collagenous matrix as carrier. (**B**) Corticalization of the ossicle as shown in A by newly formed and mineralized bone in blue surrounding scattered remnants of the collagenous matrix embedded within prominent fibrovascular invasion. (**C**, **D**) Histological images of mineralized and corticalized ossicles induced by the 5 μg dose of the hTGF-β~3~ osteogenic device in the *rectus abdominis* muscle showing mineralization of the newly formed bone by induction in the *rectus abdominis* muscle of *Papio ursinus*. Undecalcified sections cut at 5 βm and stained free-floating with Goldner\'s trichrome (**A**, **B**, **C** and **D**, original magnification ×2.8).](jcmm0012-1029-f1){#fig01}

![Tissue induction and morphogenesis of large corticalized ossicles (**A**, **C** and **E**) induced by the 125 μg dose of the hTGF-β~3~ osteogenic device implanted in the *rectus abdominis* muscle of adult non-human primates *Papio ursinus* and harvested on day 30. (**B**) Histological detail of the ossicle shown in (**A**) with mineralized newly formed bone (in blue) surfaced by osteoid seams populated by contiguous osteoblasts facing hyper cellular vascular connective tissue. (**D** and **F**) Prominent corticalization of the newly formed ossicles with mineralized bone (in blue) surrounding scattered remnants of the collagenous matrix as carrier facing newly formed trabeculae of osteoid embedded within a prominent angiogenic fibrovascular connective tissue matrix. Undecalcified sections cut at 5 βm and stained free-floating with Goldner\'s trichrome (**A** and **E**) original magnification ×1.3; (**C**) ×1.8; (B), original magnification ×175; (D and F) ×1.3.](jcmm0012-1029-f2){#fig02}

Ossicles showed peripheral corticalization, whilst scattered remnants of the collagenous matrix occupied the centre of the specimens together with a highly vascular invading connective tissue ([Figs. 1B, C, 2B, D, F](#fig01){ref-type="fig"}). Histological analysis on undecalcified sections showed the presence of newly formed mineralized bone covered by osteoid seams populated by contiguous osteoblasts ([Figs. 1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"}). Doses of 125 μg hTGF-β~3~ induced prominent angiogenesis and numerous trabeculae of osteoid as yet to be mineralized extending toward the centre of the specimens ([Figs. 2D and F](#fig02){ref-type="fig"}). In summary, morphological and histological analyses of the ossicles induced by the hTGF-β~3~ osteogenic device showed prominent osteoblastic cell differentiation, osteoid synthesis and between the trabeculae of newly formed and mineralized bone a highly vascular hypercellular stroma ([Figs. 2B and D](#fig02){ref-type="fig"}).

Morphology of calvarial regeneration by the hTGF-β~3~ osteogenic device
-----------------------------------------------------------------------

On day 20 and 30 after implantation, control calvarial defects treated with collagenous matrix without hTGF-β~3~ showed minimal osteogenesis confined to the margins of the defects only ([Fig. 3A](#fig03){ref-type="fig"}). Doses of the recombinant hTGF-β~3~ protein (25, 125 and 250 μg) also failed to regenerate bone in the treated calvarial defects ([Figs. 3C, E, G and I](#fig03){ref-type="fig"}). Newly formed bone was strictly confined to the margins of the craniotomies ([Fig. 3D](#fig03){ref-type="fig"}) occasionally extending pericranially ([Figs. 3C and D](#fig03){ref-type="fig"}). A single specimen treated with 125 μg hTGF-β~3~ showed an island of newly formed mineralized bone just below the temporalis muscle on day 30 ([Fig. 3G](#fig03){ref-type="fig"}).

![Morphology of calvarial repair and induction of bone formation by doses of the hTGF-β~3~ osteogenic device without (left column) and with (right column) minced fragments of autogenous *rectus abdominis* muscle harvested 30 days after implantation.(**A**, **C**, **E**, **G** and **I**) Lack of bone induction and differentiation in calvarial defects harvested on day 30 after implantation of 25 (**A**), 125 (**C**, **E**, **G**) and 250 (**I**) μg of the hTGF-β~3~ osteogenic device without the addition of minced cellular fragments of autogenous *rectus abdominis* muscle. Blue arrow in (**G**) indicates a very mall island of mineralized bone (in blue) located in the pericranial area of the specimen.(**B**) Lack of bone differentiation in a calvarial defect implanted with insoluble collagenous bone matrix *solo* as control 30 days after implantation.(**D**) Higher power view of (**C**) illustrating an interfacial region with newly formed mineralized bone at the level of the craniotomy only (dark blue arrows) blending into the remnants of the collagenous matrix. A prominent fibrous layer (light blue arrow) inhibits the induction of bone formation from the margin of the craniotomy.(**F**, **H**, **J**) Calvarial defects harvested on day 30 after implantation of 125 (**F** and **H**) and 250 (**J**) μg the hTGF-β~3~ osteogenic device with the addition of minced fragments of autogenous *rectus abdominis* muscle. Partial restoration of the biological activity and induction of islands of newly formed mineralized bone in blue (arrows) within the implanted hTGF-β~3~ osteogenic device. Undecalcified sections cut at 5 μm stained free-floating with Goldner\'s trichrome.(**A**, **B**, **C**, **E**, **F**, **G**, **H**, **I**, **J**) original magnification ×1.2 (**D**) original magnification ×7.](jcmm0012-1029-f3){#fig03}

On day 90, bone formation in calvarial defects treated with the hTGF-β~3~ osteogenic device remained limited, with scattered areas of osteogenesis below the pericranium and the temporalis muscle. Few specimens showed the induction of bone pericranially albeit to a limited extent across the treated defects ([Fig. 4A](#fig04){ref-type="fig"}). Morphological analysis showed a recurrent pattern of histological features extending from the pericranial to the endocranial surfaces of the specimens with particular reference to the interfacial regions ([Figs. 4A, B and D](#fig04){ref-type="fig"}). The pericranial aspect of a particular specimen showed newly formed mineralized bone across the defect ([Fig. 4A](#fig04){ref-type="fig"}). Below the newly formed mineralized bone there was loose fibrovascular tissue with scattered remnants of the residual and inactive collagenous matrix resting on the dural layer ([Fig. 4A](#fig04){ref-type="fig"}). The presence of inhibiting binding proteins and/or the expression of inhibitory Smad proteins is highly suggested by the morphological analyses of calvarial specimens treated by the hTGF-β~3~ osteogenic device in which the bone, that had formed at the interfacial regions ([Figs. 4A, B and D](#fig04){ref-type="fig"}), seemed to be inhibited, at least morphologically, to further growth with centripetal extension resulting in limited bone formation across the pericranial aspect of the defects with lack of bone formation adjacent to the dura ([Figs. 4A, B, C and D](#fig04){ref-type="fig"}).

Minced fragments of *rectus abdominis* muscle with responding cells enhance bone induction by hTGF-β~3~
-------------------------------------------------------------------------------------------------------

Partial restoration of the bone induction cascade by the hTGF-β~3~ osteogenic device is obtained by combining the device with minced fragments of autoge-nous *rectus abdominis* muscle prior to implantation in calvarial defects. On day 20 and 30, histological analyses of calvarial specimens treated with minced fragments of autogenous *rectus abdominis* muscle showed that the addition of responding stem cells partially restored the osteogenic activity of doses of the hTGF-β~3~ osteogenic device yielding islands of mineralized newly formed bone ([Figs. 3F, H and J](#fig03){ref-type="fig"}). Histological examination of treated specimens showed large trabeculae of mineralized bone covered by thick osteoid seams populated by contiguous osteoblasts.

On day 90, the addition of minced fragments of autogenous *rectus abdominis* muscle to the TGF-β~3~ osteogenic device induced solid blocks of mineralized bone across the defects with newly formed trabeculae covered by osteoid seams facing highly cellular diploic lacunae ([Fig. 4](#fig04){ref-type="fig"}). Doses of 25 and 125 μg of the TGF-β~3~ protein induced mineralized trabeculae of newly formed bone with haematopoietic bone marrow ([Figs. 4E, F and G](#fig04){ref-type="fig"}). The addition of autogenous *rectus abdominis* responding cells also induced large islands of chondrogenic differentiation in treated calvarial defects which were evident on day 90 post-implantation ([Fig. 5](#fig05){ref-type="fig"}).

![High power view of a section prepared from a specimen of the 125 μg hTGF-β~3~ osteogenic device additionally pre-treated with autogenous fragments of *rectus abdominis* muscle showing the induction of chondrogenesis (lilac arrow) between mineralized bone in blue (light blue arrows) and residual collagenous matrix as carrier (white arrow). The addition of morcellized fragments of autogenous *rectus abdominis* muscle engineers endochondral bone formation with large islands of chondrogenesis as a recapitulation of embryonic development 90 days after implantation. Undecalcified section cut at 5 μm stained free-floating with Goldner\'s trichrome. Original magnification ×125.](jcmm0012-1029-f5){#fig05}

Histomorphometric analyses of heterotopic specimens induced by the hTGF-β~3~ osteogenic device
----------------------------------------------------------------------------------------------

Volume fractions of tissue components of heterotopic specimens on day 30 treated with doses of hTGF**-**β~3~ delivered by 100 mg of allogeneic ICBM as carrier are presented in [Table 3](#tbl3){ref-type="table"}. Doses of the hTGF**-**β~3~ isoform induced substantial osteoid volume particularly the 125 μg dose of the osteogenic device (*P* \< 0.05 *versus* the 5 and 25 μg doses of the protein \[[Table 3](#tbl3){ref-type="table"}\]).

Morphometric analyses of calvarial specimen: effect of doses and minced fragments of *rectus abdominis* muscle of the hTGF-β~3~ osteogenic device
-------------------------------------------------------------------------------------------------------------------------------------------------

Volume fractions of tissue components of mineralized bone and osteoid in calvarial defects treated with doses of the hTGF**-**β~3~ protein with or without minced fragments of autogenous *rectus abdominis* muscle are presented in [Table 4](#tbl4){ref-type="table"}.

On day 30, doses up to 250 μg hTGF-β~3~ did not result in the induction of bone formation, yielding minimal amounts of mineralized bone at the interfaces of the calvarial defects only ([Table 4](#tbl4){ref-type="table"} and [Fig. 3](#fig03){ref-type="fig"}). Addition of minced fragments of *rectus abdominis* muscle to the hTGF-β~3~ osteogenic device significantly raised the amount of osteoid and mineralized bone within the additionally treated calvarial defects ([Table 4](#tbl4){ref-type="table"}, [Fig. 3](#fig03){ref-type="fig"}). Restoration of the osteoinductive activity of the hTGF-β~3~ osteogenic device with the addition of minced fragments of *rectus abdominis* muscle was particularly evident on day 30 as evaluated both morphologically ([Fig. 3](#fig03){ref-type="fig"}) and histomorphometrically ([Table 4](#tbl4){ref-type="table"}). On day 90, the inductive effect of the minced fragments of the *rectus abdominis* muscle was less evident with the exclusion of the 25 μg hTGF-β~3~ osteogenic device which doubled the amount of bone formation with the addition of minced fragments of *rectus abdominis* muscle as compared to untreated osteogenic devices of 25 μg hTGF-β~3~ (*P* \< 0.01, [Table 4](#tbl4){ref-type="table"}). Occasionally, sections of 125 μg hTGF-β~3~ showed a remarkable restoration of the osteoinductive activity when additionally treated with minced fragments of autogenous *rectus abdominis muscle* ([Figs. 4E--G](#fig04){ref-type="fig"}).

Reverse transcription PCR analyses
==================================

*Smad-6* and *Smad-7* expression
--------------------------------

On day 30 ([Fig. 6A](#fig06){ref-type="fig"}), heterotopic samples showed no or limited expression of *Smad-6* and *-7* as compared to significantly elevated expression in orthotopic tissue samples ([Fig. 6A](#fig06){ref-type="fig"}). Tissue samples of insoluble collagenous matrix without hTGF-β~3~ as control also resulted in relative expression of *Smad-6* and *-7* in orthotopic sites ([Fig. 6A](#fig06){ref-type="fig"}).

![Expression of the inhibitory Smad-6 and -7 on day 30 (**A**) and 90 (**B**), TGF- β~1~, OP-1 and BMP-3 on day 30 (**C**) and 90 (**D**), and expression patterns of TβR I, TβR II, and TβR III on day 30 (**E**) and 90 (**F**) after calvarial implantation of inactive collagenous matrix *solo* as control (0 μg hTGF-β~3~) and 5, 25 and 125 μg doses of the h hTGF-β~3~ osteogenic device additionally treated without or with autogenous cellular fragments (**B**) of *rectus abdominis* muscle (−C and/or +C). Total RNA from heterotopic or orthotopic samples was reverse-transcribed and amplified with the respective primers. GAPDH expression was assayed as a control. Experiments were performed twice with similar results and representative data shown.](jcmm0012-1029-f6){#fig06}

On day 90 ([Fig. 6B](#fig06){ref-type="fig"}), the elevated expression of *Smad-6* and *-7* in orthotopic samples seen on day 30 ([Fig. 6A](#fig06){ref-type="fig"}) was not observed ([Fig. 6B](#fig06){ref-type="fig"}). Treatment with the 125 μg dose of the hTGF-β~3~ resulted in decreased expression of *Smad-6* and *-7*; interestingly, samples of the hTGF-β~3~ osteogenic device with the addition of minced *rectus abdominis* muscle did enhance *Smad-6* and *-7* expression as compared to samples without the addition of minced *rectus abdominis* muscle ([Fig. 6B](#fig06){ref-type="fig"}). There was limited expression of *Smad-6* and *-7* (particularly Smad-6) in control orthotopic samples without hTGF-β~3~ ([Fig. 6B](#fig06){ref-type="fig"}). The relative reduction of expression of both *Smad-6* and *-7* in calvarial sites as shown on day 90 correlates with the induction of bone formation pericranially on day 90 ([Fig. 4A](#fig04){ref-type="fig"}), particularly when using the 125 μg doses of hTGF-β~3~ protein combined with minced fragments of *rectus abdominis* muscle ([Figs. 4E--G](#fig04){ref-type="fig"}).

The addition of multiple responding cells in the form of minced fragments of autogenous *rectus abdominis* muscle resulted, on one hand, in greater bone deposition by induction in calvarial sites but, on the other hand, on greater expression of the inhibitory *Smad-6* and *-7* ([Fig. 6B](#fig06){ref-type="fig"}).

*TGF-β~1~, OP-1* and *BMP-3* expression
---------------------------------------

On day 30 ([Fig. 6E](#fig06){ref-type="fig"}), *TGF-β~1~*, *OP-1* and *BMP-3* expression was found to be elevated in the orthotopic calvarial samples. In heterotopic samples, treatment with hTGF-β~3~ led to a slight decrease in *OP-1* expression as compared to calvarial samples.

On day 90 ([Fig. 6F](#fig06){ref-type="fig"}), *TGF-β~1~*, *OP-1* and *BMP-3* transcripts expression in the heterotopic specimens of the hTGF-β~3~ osteogenic device was reduced as compared to day 30 particularly *BMP-3* and *TGF-β~1~* expression ([Fig. 6F](#fig06){ref-type="fig"}). Calvarial samples also showed a reduction of expression of TGF-β~1~, OP-1 and BMP-3 as compared to day 30 ([Figs. 6E and F](#fig06){ref-type="fig"}). Tissue samples of insoluble collagenous matrix without hTGF-β~3~ as control also showed some degree of *TGF-β~1~*, *OP-1* and *BMP-3* expression particularly on day 30 ([Fig. 6E](#fig06){ref-type="fig"}).

TβR-I, TβR-II and TβR-III expression
------------------------------------

On day 30 ([Fig. 6C](#fig06){ref-type="fig"}), heterotopic and orthotopic calvarial samples with and without hTGF-β~3~ expressed relative high levels of *T*β*R-I*, *T*β*R-II* and *TβR-III* transcripts.

On day 90 ([Fig. 6D](#fig06){ref-type="fig"}), heterotopic samples showed expression of the three receptors; orthotopic calvarial samples showed limited *T*β*R-I*, *T*β*R-II* and *T*β*R-III* expression as compared to heterotopic samples as evaluated on day 30. Control samples of ICBM without hTGF-β~3~ also showed relative expression of the three *T*β receptors particularly in heterotopic sites ([Fig. 6D](#fig06){ref-type="fig"}).

Western blot analysis
=====================

Orthotopic calvarial samples showed accumulation of Smad-6 and -7 as compared to heterotopic samples evaluated on day 30 (not shown). On day 90, treatment with the hTGF-β~3~ osteogenic device implanted in orthotopic calvarial sites decreased Smad-6 accumulation, as well as some Smad-7 accumulation as compared to untreated orthotopic samples (not shown).

Discussion
==========

The transforming growth factor-β~3~ mammalian isoform is a member of a superfamily of functionally diverse, but molecularly and structurally conserved morphogens that regulate cell proliferation, differentiation, chemotaxis and chemochinesis in a cell and context-specific manner \[[@b31]\]. The TGF-β~3~ isoform is a multifunctional pleiotropic cytokine that has a fundamental role in the spatial-temporal organization of developing tissues and has been shown to be expressed primarily in embryonic tissues \[[@b30]\].

In the context of the heterotopic extraskeletal microenvironment of the *rectus abdominis* muscle of *Papio ursinus*, the TGF-β~3~ osteogenic device induces significant amounts of endochondral bone formation culminating in large mineralized and corticalized ossicles by day 20, 30 and 90 after implantation.

In marked contrast, in the context of a calvarial bone defect, the hTGF-β~3~ osteogenic device does not induce bone formation as evaluated morphologically and morphometrically 20 and 30 days post-implantation. Molecular analyses by RT-PCR showed a complex pattern of expression of the regulating intracellular inhibitory Smad-6 and -7 proteins modulating TGF-β signalling \[[@b33]\]. RT-PCR also showed the expression of *TGF-β~1~*, *BMP-3*, *OP-1* and *T*β receptors during the induction of endochondral bone in heterotopic and orthotopic calvarial sites after the application of doses of the TGF-β~3~ protein as well as ICBM without hTGF-β~3~ as control in orthotopic calvarial defects.

The complex results as shown by the RT-PCR analyses reflect the pleiotropism of the TGF-β~3~ isoform \[[@b30]\] in the context of cell proliferation, differentiation and induction of tissue morphogenesis of primate cells and tissues ultimately resulting in contradictory findings both molecularly and morphologically. On day 30, Smad-6 and -7 are expressed in tissue specimens harvested from the orthotopic calvarial sites generated by doses of the hTGF-β~3~ protein. Control specimens of ICBM *solo* similarly show Smad-6 and -7 expression equivalent to tissue samples generated by the hTGF-β~3~ osteogenic device. Morphologically thus both treatments show limited bone formation

On day 90, expression of Smad-6 and -7 is consistently low and/or absent in heterotopic specimens; PCR data show a significant reduction of Smad-6 and -7 expression in calvarial sites as well as in control specimens of collagenous matrix *solo*. Further, the analysis shows expression of Smad-6 and to a lesser degree of Smad-7 in orthotopic calvarial sites implanted with the TGF-β~3~ osteogenic device pretreated with minced fragments of autogenous *rectus abdominis* muscle.

Smad-6 and -7 expression in calvarial sites implanted with collagenous matrix *solo* as control reflects the lack of substantial bone formation as seen morphologically in control defects whereas the expression of TGF-β~1~ and related OP-1 and BMP-3 may simply reflect the vigorous osteogenic cell differentiation at the margins of the surgically created calvarial defects. The increased presence of Smad-6 and -7 in calvarial tissue samples explain the limited *de novo* bone induction following hTGF-β~3~ treatment as well as the lack of bone formation in control defects.

Smad-6 and -7 have been shown to inhibit the effects of pathway-restricted Smad proteins by competing for binding to activated type I receptors \[[@b53]\]. Smad-6 has also been shown to compete with Smad-4 for complex formation with phosphorylated Smad-1 \[[@b54]\]. The inhibitory Smads are potently induced by TGF-β family members and may thus participate in a negative feedback loop to control the intensity and duration of TGF-β signalling \[[@b53]\].

Together these findings indicate that regenerative phenomena in untreated and hTGF-β~3~-- treated calvarial defects are modulated by invocation of a regenerative response tightly controlled by the expression of the inhibitory Smad-6 and -7 proteins. An inhibitory response that also modulates the expression of the inhibitory Smad proteins in calvarial specimens implanted with the hTGF-β~3~ osteogenic device additionally pre-treated with minced autogenous fragments of the *rectus abdominis* muscle with partial morphological restoration of the biological activity of the hTGF-β~3~ osteogenic device. Potentially, the inhibitory Smad response as shown in [Figure 6B](#fig06){ref-type="fig"} after adding minced fragments of the *rectus abdominis* muscle, may be the result of activating proteins released by the vascular arachnoids just below the dura \[[@b56]\] in an attempt to further and significantly inhibit the restored or partially restored biological activity of the hTGF-β^3^ osteogenic device as shown in [Figures 3](#fig03){ref-type="fig"} and [4](#fig04){ref-type="fig"}.

The multi-functional character of the hTGF-β~3~ protein reflects the pleiotropic activity of the TGF-β superfamily and the tight control of its activities with both positive and negative feedbacks. These regulate multiple biological activities in relation to different biological niches and microenvironments, responding cells and different site/tissue locations for biological activities *in vivo*\[[@b57]\]. As a net result, results obtained are often divergent and contradictory.

The contradictory and divergent results in orthotopic calvarial sites are further highlighted by the implantation of the hTGF-β~3~ osteogenic device in non-healing mandibular defects of *Papio ursinus* (Carlo Ferretti and Bone Research Unit, unpublished data). Implantation of 125 μg of the hTGF-β~3~ osteogenic device per g of ICBM as carrier yields rapid and prominent induction of bone formation with corticalization of the newly formed mandibular buccal and lingual plates as early as 30 days after implantation (Bone Research Unit, unpublished data).

The hTGF-β~3~ is a potent regulator of functions associated with angiogenesis and osteogenesis. It is three- to fivefold more potent than hTGF-β~1~ in mitogenesis, collagen synthesis and alkaline phosphatase activity as shown in osteoblastenriched bone cell cultures \[[@b31]\]. The higher receptorbinding affinity of TGF-β~3~ compared with TGF-β~1~ correlates well with the relatively greater biological activity of TGF-β~3~\[[@b31]\].

Differences in tissue distribution and gene regulation also suggest distinct pleiotropic biological activities amongst the mammalian TGF-β isoforms \[[@b57]\]. Expression of *TGF-β~3~* mRNA is more restricted than in the case of the other more ubiquitous mammalian isoforms; *TGF-β~3~* mRNA is mainly expressed in cell lines from mesenchymal origin, suggesting a biological role different from the other mammalian TGF-β isoforms \[[@b52]\]. Comparison with the precursor sequences of TGF-β~1~ and -β~2~ indicates a strong conservation of the mature sequences, but a relaxed homology in the precursor segments \[[@b52]\].

The above suggests superior mesenchymal and vascular cell recruitment which combined with superior chemotaxis would explain the rapid induction of mineralized ossicles with haematopoietic marrow as shown heterotopically and orthotopically after adding minced autogenous fragments of the *rectus abdominis* muscle to the TGF-β~3~ osteogenic device. The profound and incisive endochondral bone formation by induction in heterotopic extraskeletal sites of the *rectus abdominis* muscle microenvironment is predated molecularly by the lack of expression of the inhibitory Smad-6 and -7 proteins. Ultimately, the application of the TGF-β~3~ osteogenic device in calvarial defects resulting in minimal bone formation does not increase the expression of the inhibitory Smad-6 and -7 as compared to calvarial defects implanted with collagenous bone matrix *solo* as control. Importantly, this indicates that the intrinsic spontaneous healing capacity of a calvarial defect in non-human primates is tightly regulated by the expression of the inhibitory Smad-6 and -7 proteins resulting in minimal bone formation at the defect margins only.

Since the discovery of the TGF-β isoforms in the extracellular matrix of bone, several manuscripts have provocatively suggested that the TGF-β proteins do induce endochondral bone formation \[[@b60]\]. When discussing about osteoinduction it is important to properly define the terminology related to the induction of bone formation \[[@b5]\]. The acid test of the induction of bone formation is the *de novo* generation of heterotopic bone after extraskeletal implantation of an osteogenic soluble molecular signal of the TGF-β supergene family \[[@b21]\]. A protein labelled as osteoinductive must thus be endowed with the striking prerogative of initiating endochondral bone formation in heterotopic extraskeletal sites of animal models \[[@b21]\]. The heterotopic implantation site avoids the ambiguities of the orthotopic site where some degree of bone formation by conduction may occur from the viable bone interfaces \[[@b5]\] particularly when using osteophilic porous substrata or *smart* biomimetic matrices \[[@b21]\] as bone repair materials.

Importantly and conclusively in the bioassay for bone induction in rodents, the TGF-β isoforms do not initiate the induction of bone formation \[[@b5]\]. In marked contrast, however, the mammalian TGF-β isoforms and in this study the TGF-β~3~ protein (and even the amphibian TGF-β~5~ isoform) \[[@b23]\] do induce rapid and substantial endochondral bone formation when implanted in heterotopic extraskeletal sites of *Papio ursinus*\[[@b5]\]. In the primate and in the primate only, the TGF-β isoforms may act upstream to the BMPs/OPs and may induce the induction of heterotopic bone by expressing BMPs/OPs related gene products resulting in the cascade of bone differentiation by induction. Indeed, heterotopic implantation of the three mammalian TGF-β isoforms results in expression of BMP-3 and OP-1 as evaluated by Northern analyses \[[@b26]\] and RT-PCR in this study. Alternatively, the TGF-β isoforms in the primate deploy a bone induction mechanism *via* different and unique pathways that result in the induction of large masses of endochondral bone. To combine noggin, a negative regulator and inhibitor of BMPs/OPs \[[@b65]\], to osteogenic devices reconstituted with the TGF-β~3~ isoform would highlight the endochondral osteoinductivity of the TGF-β protein in the primate and it is currently under investigation.

The precise activities, relationships and interactions of different morphogens and growth regulators in bone formation by induction, maintenance and homeostasis such as the TGF-β isoforms, fibroblast growth factors and more specifically the BMPs/OPs are still poorly understood and need to be assigned \[[@b21]\]. To date, the mammalian TGF-β isoforms tested in *Papio ursinus* are potent inducers of heterotopic endochondral bone formation when implanted in the *rectus abdominis* muscle \[[@b28]\].

BMPs/OPs and TGF-β isoforms are abundant in the extracellular matrix of bone, indicating that both families are critical for bone physiology, homeostasis and bone regeneration \[[@b36]\]. In addition, the presence of multiple molecular forms raises the biological significance of this apparent redundancy and indicates functional interactions and synergistic activities during both embryonic bone development and bone regeneration in postnatal life. The induction of bone formation in postnatal life recapitulates embryonic development that can be exploited as a template for regenerative medicine \[[@b21]\].

To date, more than 15 related proteins with BMP/OP-like sequences and activity have been cloned, but little is known about their interaction during the cascade of bone formation by induction, or about the biological and therapeutic significance of this apparent redundancy \[[@b21]\]. All recombinantly produced hBMPs/OPs tested are capable of singly initiating bone formation *in vivo*\[[@b67]\]. Similarly, though so far in heterotopic sites of *Papio ursinus* only, recombinant human TGF-β~1~, -β~2~ and now the β~3~ isoform, initiate endochondral bone formation by induction. The TGF-β~3~ mammalian isoform is a further welcome addition to the family of the osteogenic proteins endowed with the striking prerogative of initiating *de novo* bone formation by induction \[[@b28]\].

The data presented show that the recombinant hTGF-β~3~ osteogenic device is now ready to be used in clinical contexts. The endochondral osteoinductivity initiated by doses of the hTGF-β~3~ has yielded the most significant heterotopic ossicles in the history of bone induction in *Papio ursinus*, with trabeculae of newly formed and mineralized bone covered by thick osteoid seams as early as 20 days post-implantation in the *rectus abdominis* muscle. The presence of multiple molecular forms with bone inductive activity points to synergistic interactions during endochondral bone formation \[[@b28]\]. Indeed, a potent and accelerated synergistic induction of endochondral bone formation has been shown by the binary application of recombinant or native TGF-β~1~ with hOP-1 in both heterotopic and orthotopic sites of *Papio ursinus*\[[@b25]\].

The striking pleiotropic effects of the BMPs/OPs and TGF-βs spring from minor amino acid sequence variations in the carboxy terminal region of the proteins, as well as in the transduction of distinct signalling pathways by Smad proteins after transmembrane serinethreonine kinase receptor activation and expression of the down-stream antagonists Smad-6 and Smad-7 \[[@b21]\]. Amino acid sequence variations in the active carboxyterminal domain of the protein confer specialized activities to a BMP/OP and TGF-β isoform, the molecular basis that determines the structure/activity profile of the osteogenic proteins of the TGF- β superfamily \[[@b21]\]. Previous experimentation has predicted that *in vivo* studies should now design therapeutic approaches based on information about gene regulation initiated by osteogenic proteins of the TGF-β superfamily \[[@b28]\]. The induction of TGF-β mRNAs in both heterotopic and orthotopic sites mechanistically explain the synergistic induction of bone formation when binary applications of molecularly different osteogenic proteins are implanted in *Papio ursinus*\[[@b40]\]. Similarly, doses of the hTGF-β~3~ osteogenic device also induce the expression of mRNA of BMP-3 and OP-1 further raising the bone induction cascade activity.

The extrapolation of data from animal models including non-human primate species is difficult since dosage is species-specific \[[@b5]\]. The induction of bone in human patients has dramatically shown that regenerative medicine in clinical contexts is on a different scale altogether when compared to animal models including non-human primates \[[@b4]\]. No matter how the hTGF-β~3~ isoform does initiate the robust induction of endochondral bone formation in *Papio ursinus*, the results of the RT-PCR analyses as well as previous studies demonstrating expression of TGF-β mRNAs by a single recombinant osteogenic protein \[[@b40]\] clearly indicate that therapeutic success in clinical contexts will rest on the binary application of a hTGF-β isoform with a recombinant osteogenic protein. The binary application of selected morphogens recapitulating embryonic development (as shown by the induction of organized pseudoepiphyseal structures in the *rectus abdominis* muscle of adult *Papio ursinus*) \[[@b5]\] is the osteogenic drive for the induction of bone formation in clinical contexts. The hTGF-β~3~ isoform synergistically acting with a selected hBMP/OP to induce bone formation is a realistic alternative to hBMPs/OPs doses that are several hundredfold greater than the doses suggested by results in animal trials and the concentration of BMPs/OPs in mammalian bone \[[@b19]\].

The rapid sculpting of mineralized tissue constructs in the *rectus abdominis* muscle by the hTGF-β~3~ isoform *solo* is a novel source of developing bone for autologous transplantation in clinical contexts. Conceivably, the rapid induction of endochondral bone by the TGF-β~3~ isoform could be utilized for the generation of large ossicles in the *rectus abdominis* of human patients. Thirty days after heterotopic implantation, generated ossicles could be harvested and prepared fragments transplanted into bony defects in an autogenous fashion to treat defects of either the axial and craniofacial skeletons including periodontal osseous defects \[[@b68]\]. The rapidity of tissue morphogenesis and the induction of bone formation complete with mineralization of the outer cortex of the ossicles and bone marrow formation by day 30 is of particular importance for repair and regeneration of bone in the elderly, where repair phenomena are temporally delayed and healing progresses slower than in younger patients \[[@b21]\]. In addition, fragments of autogenously induced heterotopic bone could be prepared from ossicles induced in the *rectus abdominis* by binary applications of hOP-1 and relatively low doses of hTGF-β~3~, a synergistic strategy known to yield massive mineralized ossicles with large seams of osteoid populated by contiguous osteoblasts by day 15 after heterotopic implantation \[[@b21]\].

The results of this study have shown significant bone induction by the TGF-β~3~ mammalian isoform in *Papio ursinus*. The rapid induction of endochondral bone formation by the hTGF-β~3~ osteogenic device together with *TGF-β~1~*, *BMP-3* and *OP-1* mRNA expression, hypercellular osteoblastic activity, osteoid synthesis, angiogenesis and capillary sprouting are the novel molecular and morphological basis for the induction of bone formation in clinical contexts to regenerate the bone/bone marrow organ in man \[[@b69]\].
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